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Abstract 


Mutations in Fused in sarcoma (FUS) gene cause a subset of familial amyotrophic lateral sclerosis (ALS), a fatal motor neuron 
degenerative disease. Wild-type FUS is largely localized in the nucleus, but mutant FUS accumulates in the cytoplasm and 
forms inclusions. It is unclear whether FUS depletion from the nucleus or FUS inclusions in the cytoplasm triggers motor 
neuron degeneration. In this study, we revealed that the nuclear and cytoplasmic FUS proteins form distinct local distribution 
patterns. The nuclear FUS forms oligomers and appears granular under confocal microscope. In contrast, the cytoplasmic 
FUS forms inclusions with no oligomers detected. These patterns are determined by the subcellular localization of FUS, 
regardless of wild-type or mutant protein. Moreover, mutant FUS remained or re-directed in the nucleus can oligomerize and 
behave similarly to the wild-type FUS protein. We further found that nuclear RNAs are critical to its oligomerization. 
Interestingly, the formation of cytoplasmic FUS inclusions is also dependent on RNA binding. Since the ALS mutations disrupt 
the nuclear localization sequence, mutant FUS is likely retained in the cytoplasm after translation and interacts with 
cytoplasmic RNAs. We therefore propose that local RNA molecules interacting with the FUS protein in different subcellular 
compartments play a fundamental role in determining FUS protein architecture and function. 


Introduction 


Fused in sarcoma (FUS) is a DNA/RNA-binding protein. Mutations 
in FUS cause a subset of familial amyotrophic lateral sclerosis 
(ALS) (1,2). ALS is a progressive neurodegenerative disease char- 
acterized by the loss of motor neurons (3).The ALS mutations 
result in the mislocalization of FUS from the nucleus to the cyto- 
plasm and the formation of FUS-containing inclusions in the 
cytoplasm (1,2). Itis unknown how the mislocalization of mutant 
FUS causes motor neuron dysfunction and degeneration. Cyto- 
plasmic FUS inclusions are immune-positive of stress granule 
markers (4,5), a temporary cellular structure important for cell 


survival under a variety of stresses (6). The endogenous FUS 
has also been reported to participate in stress granule formation 
under various stresses (7,8). Mutant FUS has been shown to alter 
stress response dynamics, which is hypothesized to cause motor 
neuron degeneration (9-12). While proteinaceous inclusions in- 
volved in neurodegenerative diseases are often composed of 
amyloidal-aggregated misfolded proteins, FUS inclusions are 
structurally different (13,14). Specifically, FUS inclusions in the 
brain of frontal temporal dementia (FTD) patients were negative 
of thioflavin-S staining that specially stains cross-B-sheet struc- 
tures in amyloidal aggregates (13). In addition, SDS-resistant oli- 
gomers were not detected in cells expressing various FUS 
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mutants (14). The architecture of FUS protein in the cytoplasmic 
inclusions remains to be determined. 

We previously reported that a sub-population of nuclear FUS is 
associated with active chromatin and participates in gene tran- 
scription regulation (15-17). The ALS mutations reduce FUS chro- 
matin binding, disrupting FUS function in regulating gene 
transcription. We found that the chromatin-bound (CB) FUS was oli- 
gomerized and showed a granular pattern inside the nucleus. FUS 
oligomerization is mediated by the N-terminal QGSY-rich region 
(glutamine, glycine, serine and tyrosine-rich region) and requires 
RNA binding (15). The QGSY-rich region is part of a predicted 
prion-like domain (18) that is required for FUS aggregation in vitro 
(19). Therefore, we examined whether the QGSY-rich region- 
mediated oligomerization is also the structural basis of FUS cyto- 
plasmic inclusions. The results will help us understand the nature 
of FUS cytoplamic inclusions. In addition, better understanding of 
the architectures of FUS proteins in the nuclear and cytoplasmic 
compartments will help determine whether redirecting cytoplas- 
mic FUS mutants into the nucleus would be a potential therapeutic 
intervention for ALS as proposed in recent studies (20-24). More- 
over, the requirement of RNA binding in FUS binding to chromatin 
raised the question whether RNAs directly mediate FUS protein 
organization in the nuclear granules and cytoplasmic inclusions. 

In this study, we revealed that, in contrast to nuclear granules 
of FUS, the formation of FUS cytoplasmic inclusions does not 
require the QGSY-rich region-mediated oligomerization. By 
examining wild-type and mutant FUS proteins in different cellu- 
lar compartments, we demonstrated that the subcellular local- 
ization plays an important role in determining the FUS protein 
architecture. We also discovered that chromatin-associated 
RNAs are critical to initiate the oligomerization of nuclear FUS. 
Moreover, the RNA binding ability was also required for FUS cyto- 
plasmic inclusion formation. These results collectively suggest 
that subcellular localization and local RNA species are the deter- 
mining factors for FUS distinct architectures and distribution 
patterns in different cellular compartments. 


Results 


FUS proteins are organized differently in nuclear 
granules and cytoplasmic inclusions 


We have recently reported that the QGSY-rich region-mediated 
FUS oligomerization is essential for the formation of nuclear 
granules of FUS (15). When the QGSY-rich region (amino acids 
1-164, Fig. 1A) was deleted, the granular distribution pattern dis- 
appeared and FUS molecules diffused in the entire nucleus 
(Fig. 1B). We examined whether the QGSY-rich region-mediated 
oligomerization was also the structural basis of cytoplasmic in- 
clusions of mutant FUS. FUS R495X [arginine 495 to stop codon, 
a deletion mutant causing aggressive ALS (25,26)] formed cyto- 
plasmic inclusions that were co-localized with the stress granule 
maker G3BP1 (Fig. 1C). We deleted the QGSY-rich region from FUS 
R495X and found that the truncation protein still formed cytoplas- 
mic inclusions co-localized with G3BP1 (Fig. 1C). The results sug- 
gest that the QGSY-rich region is not required for the inclusion 
formation of ALS mutant FUS in the cytoplasm. The above results 
provide the initial evidence that FUS proteins in the nuclear gran- 
ules and cytoplasmic inclusions are organized differently. 


Subcellular compartment determines distinct local 
distribution patterns of FUS 


The above results also raised an interesting question: what 
causes different local distribution patterns of FUS protein in 
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different cellular compartments? Two factors can potentially 
contribute to it: subcellular compartment (nucleus versus cyto- 
plasm) and protein mutation (wild-type versus ALS mutations). 
We rationalized that simultaneous examination of the local dis- 
tribution pattern of nuclear and cytoplasmic sub-populations of 
mutant FUS protein can help delineating which factor plays a 
more important role. We took advantage of ALS point mutations 
(e.g. R521G) that cause partial retention of FUS protein in the 
cytoplasm while maintaining a significant portion in the nu- 
cleus. FUS R521G exhibited granular distribution and was ex- 
cluded from nucleoli (arrows in Fig. 1D), which is very similar to 
wild-type FUS in the nucleus (compare with Fig. 1B). This pattern 
was also observed in the fibroblast cells derived from familial ALS 
patient carrying the R521G mutant FUS (Fig. 1E). The cytoplasmic 
retained FUS R521G mutant formed inclusions (Fig. 1D, left 
image, arrow heads). We deleted the QGSY-rich region of FUS 
R521G and examined how it changed the distribution of FUS pro- 
tein in the nucleus and cytoplasm. The granular pattern of FUS 
R521G in the nucleus disappeared and FUS R521G was evenly dis- 
tributed in the entire nucleus after the QGSY-rich region was de- 
leted (Fig. 1D, right). The changes of FUS R521G in the nucleus 
were similar to the effect of QGSY-rich region deletion on wild- 
type FUS (Fig. 1B, right). In contrast, cytoplasmic inclusions of 
FUS R521G were still observed upon the deletion of the QGSY- 
rich region (Fig. 1D, right, arrow heads), which is similar to the ef- 
fect of QGSY-rich region deletion on FUS R495X (Fig. 1C, right). 
These observations suggest that the subcellular compartment 
(i.e. nuclear or cytoplasmic) plays an important role in determin- 
ing the local distribution pattern of FUS. 

To further test this notion, we generated two chimeric pro- 
teins: FUS R495X fused with a nuclear localization sequence 
(NLS) from hnRNPD and wild-type FUS tagged with a typical nu- 
clear export sequence (NES) (Fig. 1A). The chimeric protein R495X 
+hnRNPD NLS was largely localized inside the nucleus and 
showed a punctate pattern with nucleolar exclusion (Fig. 1F), re- 
sembling wild-type FUS (compare with Fig. 1B). Tagging the NES 
to wild-type FUS brought the protein outside the nucleus and the 
chimeric protein formed inclusions in the cytoplasm (Fig. 1G), 
which is similar to R495X (compare with Fig. 1C). These results 
solidify the notion that the subcellular compartment is the critical 
factor determining the local distribution pattern of FUS. 


The ALS mutant FUS protein in the nucleus responds 
to transcription inhibition in a similar fashion to 
wild-type FUS 


The above results suggest that ALS mutations have little effect on 
the local distribution pattern of the FUS protein localized in the 
nucleus. To further test this notion, we treated cells with tran- 
scription inhibitor 5,6-dichloro-1-(B-p-ribofuranosy]l)-1H-benzi- 
midazole (DRB) and examined how wild-type and mutant FUS 
proteins responded to this stress. The wild-type FUS protein ac- 
cumulated into areas close to nucleoli upon DRB treatment 
(Fig. 2A), consistent with previous reports (27,28). Similarly, FUS 
R521G and FUS R495X (Fig. 2B) mutant proteins also accumulated 
next to nucleoli upon DRB treatment. The result again suggests 
that the nuclear localized mutant FUS responds to transcription 
inhibition similarly to wild-type FUS. 


Chromatin-associated mutant FUS oligomerizes 
similarly to wild-type FUS 


Our recently published results suggest that there are two pools 
of FUS inside the nucleus (CB and nuclear soluble) and the 
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Figure 1. Subcellular localization is the determining factor of FUS distribution patterns. (A) Domain structure of FUS and various FUS constructs used in this study. (B) Full- 
ength wild-type FUS was expressed in HEK cells and formed nuclear granules and was excluded from nucleoli in the nucleus (the left panel). These two features were lost 
in the truncated FUS AQGSY that lacks the QGSY-rich region (the right panel). Nop56 (red) is a marker for nucleoli. The green channel is shown in larger thumbnails and the 
red and merged images of the same area are shown in smaller thumbnails. (C) The R495X mutant FUS formed cytoplasmic inclusions that are co-localized with the stress 
granule marker G3BP1 (the left panel). Deleting the QGSY-rich region from R495X did not change the formation of G3BP1-positive cytoplasmic inclusions (the right panel). 
D) R521G mutant FUS was expressed in HEK cells and formed both nuclear granules excluded from nucleoli and cytoplasmic inclusions (the left panel). Arrows: nucleoli. 
Arrow heads: cytoplasmic EGFP-FUS R521G inclusions. Deleting the QGSY-rich region did not change the cytoplasmic inclusions, but changed the distribution of R521G 
FUS inside the nucleus. The granular pattern disappeared and FUS was evenly distributed in the entire nucleus. (E) Immunostaining of FUS in fibroblast cells derived from 
familial ALS patients carrying the R521G FUS mutation and healthy controls. Thumbnails are zoomed-in images of two different areas. The solid frame area is zoomed in 
to show that both wild-type FUS in healthy control cells and R521G mutant FUS in familial ALS patient cells displayed a granular pattern excluded from nucleoli in the 
nucleus of respective cells (left thumbnails). The dashed frame area is zoomed in with enhanced brightness to show the cytoplasmic retention of R521G mutant FUS in the 
patient fibroblast cells compared with wild-type FUS in healthy control cells (right thumbnails). Green: FUS; Red: Nop56. (F) FUS R495X formed inclusions in the cytoplasm 
the left panel). Tagging FUS R495X with a NLS targeted the chimeric protein in the nucleus (the right panel). The granular pattern of the chimeric protein in the nucleus 
was similar to wild-type FUS. (G) Tagging the wild-type FUS (the left panel) with a NES caused the cytoplasmic localization of the chimeric protein (the right panel). The 
wild-type FUS targeted to the cytoplasm also formed inclusions in a similar fashion to mutant FUS in (C) and (D). All images were taken with a Nikon A1 confocal 
microscope. Green: EGFP-tagged wild-type or mutant FUS. Blue: DAPI staining of DNA. 


granular distribution is attributed to the CB FUS (15). In this granules and the cytoplasmic inclusions observed in Figure 1. 
study, we used two biochemical approaches, native gel electro- The CB and non-chromatin-bound (NCB) fractions were pre- 
phoresis and chemical crosslinking, to examine the nuclear pared from lysates of cells expressing wild-type, R521G or 
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Figure 2. FUS mutants responded to transcription inhibition similarly to wild-type 
FUS. (A) Wild-type FUS accumulated in areas close to nucleoli in the presence of 
transcription inhibitor DRB. Cells expressing FUS were treated with 25 um DRB for 
2h followed by formaldehyde fixation and Nop56 immunostaining. (B) FUS 
mutants R521G and R495X also accumulated in the peri-nucleolus areas in the 
presence of DRB. Cells expressing R521G or R495X FUS were treated with 25 uM 
DRB for 2 h before formaldehyde fixation. All images were taken with a Nikon 
A1 confocal microscope. Green: EGFP-tagged FUS. Red: Nop56. Blue: DAPI 
staining of DNA. The distribution of FUS in the absence of DRB was the same as 
those shown in Figure 1. 


R495X FUS as previously described (15) (Fig. 3A). The CB FUS re- 
presents the portion of FUS producing nuclear granules, and the 
NCB FUS includes the cytoplasmic FUS that can form inclu- 
sions. The CB wild-type FUS migrated slower than the NCB 
wild-type FUS (Fig. 3B), which we previously interpreted that 
the CB FUS was oligomeric, whereas the NCB was largely mono- 
meric (15). Interestingly, R521G and R495X mutants in both 
CB and NCB fractions migrated similarly to wild-type FUS in 
the corresponding fraction (Fig. 3B). The results supported 
that the mutant FUS proteins behaved similarly to wild-type 
FUS, that is mutant FUS also existed as oligomeric form when 
bound to chromatin and as monomeric when in cytoplasm. Al- 
though mutant FUS showed reduced ability of binding to chro- 
matin (15), the CB mutant FUS protein formed oligomers as 
wild-type FUS. The lack of oligomeric mutant FUS in the cyto- 
plasmic fraction suggests that the cytoplasmic FUS protein 
does not need to oligomerize in the process of forming inclu- 
sions, which is consistent with the earlier results that the 
QGSY-rich region is not required for cytoplasmic inclusion for- 
mation (Fig. 1B and C, right). 

We performed chemical crosslinking to further examine the 
oligomeric status of FUS proteins. The CB wild-type and mu- 
tant FUS proteins all formed oligomeric species as evidenced 
by the crosslinked signals (Fig. 3C). In contrast, no crosslinked 
species were detected for either wild-type or mutant FUS pro- 
teins in the NCB fraction. The above results consistently sup- 
port that, regardless wild-type or ALS mutants, the CB FUS 
protein oligomerizes, whereas the cytoplasmic FUS protein 
does not. 


Human Molecular Genetics, 2015, Vol. 24, No.18 | 5177 


A 


| Non-chromatin-bound (NCB) 
Syringe 

homogenize | Centrifuge iia m 
(detergent-free' TETEA PETES romatin- 


lysis buffer) bound (CB) 
| Sonication, | Centrifuge 
1,000 g, 10 min 


B cB NCB 
r m ar =n 
EGFP-FUS EGFP-FUS 


WT RS521G R495X WT R521G R495X 


a = Gel top 
me Ot t 
Anti-GFP 
“we 
C cB NCB 
He 
EGFP-FUS EGFP-FUS 
WT RS521G R49SX WT R521G R495X 
-e-o est ee E E EAE ESER = = = Gel top 
aunn 
i Anti-GFP 


Figure 3. FUS mutants oligomerized similarly to wild-type FUS. (A) Flow chart of 
preparing CB and NCB samples, see details in Methods. (B) R521G and R495X 
mutant FUS proteins migrated similarly to wild-type FUS in native gel in both 
CB and NCB fractions. In the CB fraction, both mutant and wild-type FUS 
migrated as oligomers. In the NCB fraction, both mutant and wild-type FUS 
migrated as monomers. (C) The CB and NCB samples were subjected to 
crosslinking by 1% formaldehyde at room temperature for 10 min. SDS/PAGE 
analysis showed crosslinked oligomers for both wild-type and mutant FUS in 
the CB fraction. 


Chromatin content initiates oligomerization of wild-type 
and mutant FUS 


We next examined what triggers FUS oligomerization. Since the 
NCB FUS did not oligomerize no matter how longit was incubated 
in the cell lysate deprived of chromatin content (data not shown), 
we hypothesized that certain constituents in the CB fraction in- 
itiated FUS oligomerization. We incubated the CB fraction with 
the NGB fraction and analyzed them with native gel electrophor- 
esis. With increasing amounts of chromatin content in the mix- 
ture, the wild-type FUS protein shifted from the monomeric 
position towards the oligomeric position (Fig. 4A). The result de- 
monstrated that the chromatin content was able to initiate oligo- 
merization of NCB FUS. Interestingly, a single band was observed 
in each sample with a position between the monomeric and oli- 
gomeric bands (Fig. 4A), suggesting that FUS protein reached a 
new equilibrium during incubation. Similarly, the chromatin 
content initiated oligomerization of mutant FUS in the NCB frac- 
tion as well (Fig. 4B). 


Chromatin-associated RNAs are responsible for 
initiating FUS oligomerization 


The chromatin fraction contains DNAs, RNAs and proteins; thus, 
we asked what triggers FUS oligomerization. Since FUS can bind 
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Figure 4. The CB fraction induced oligomerization of FUS in the NCB fraction. 
(A) Incubation of the CB and NCB fractions induced oligomerization of endogenous 
wild-type FUS in the NCB fraction. Different amounts of CB samples were 
incubated with the NCB samples on ice for 20min. The mixtures were 
subjected to native gel electrophoresis followed by western blot with a FUS 
antibody. The individual CB and NCB fractions were shown as control. The 
slower mobility of FUS suggested a high order assembly of FUS. (B) The R495X 
mutant FUS also oligomerized when incubated with the CB fraction. The 
experiment was carried out as in (A) except that R495X mutant was tested in (B). 


nucleic acids, we specifically tested whether DNA or RNA trig- 
gered FUS oligomerization. We incubated RNase-free DNase or 
RNase A along with the CB and NCB fractions. The RNase treat- 
ment abolished mutant FUS oligomerization, whereas the 
DNase treatment had no effect on mutant FUS oligomerization 
(Fig. 5A). The RNase treatment did not change DNA content in 
the CB fraction, whereas the DNase treatment digested DNAs 
(Fig. 5B). The result suggests that RNA molecules associated 
with chromatin are responsible for initiating FUS oligomeriza- 
tion. To confirm this notion, we extracted nuclear RNAs with TRI- 
zol reagent and incubated them with chromatin-deprived cell 
extract. The TRIzol-extracted nuclear RNAs indeed triggered mu- 
tant FUS oligomerization in a dose-dependent manner (Fig. 5C). 
As a control, RNAs extracted from the cytoplasmic fraction 
induced little oligomerization of FUS. The results support the 
notion that the nuclear RNAs associated with chromatin are 
responsible for initiating oligomerization of FUS protein. 


RNA binding is also required for cytoplasmic 
FUS inclusions 


We next examined whether RNAs are also involved in inclusion 
formation of cytoplasmic FUS. The RNA recognition motif 
(RRM) binds to RNA with low affinity (29) and the flanking 
RGG1, RGG2, Zinc finger (ZnF) and RGG3 motif can potentially en- 
hance the RNA binding. We thus generated a series of FUS trun- 
cation mutants with different RNA-binding motifs (Fig. 6A). 
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Figure 5. Nuclear RNAs triggered FUS oligomerization. (A) Addition of RNase A in 
the mixture of CB and NCB fractions inhibited the oligomerization of FUS. In 
contrast, DNase did not have any effect on FUS oligomerization. Fifty units per 
milliliter RNase-free DNase or 1 ng/ml RNase A was added into mixture of the 
NCB sample isolated from cells expressing R495X FUS and the CB fraction 
(1:1 ratio). After 1 h incubation at room temperature, the samples were subjected 
to native gel electrophoresis and western blot with GFP antibody. (B) Agarose 
gel electrophoresis followed by ethidium bromide staining was performed to 
examine the nucleic acid contents in the mixtures from (A). DNA (500-10 000 bp 
smear) and RNA (visible in the top part of NT lane, >10 000 bp, and in the full 
DNase lane) were evidently degraded in the presence of DNase and RNase, 
respectively. (C) The NCB fraction (50 ul) isolated from cells expressing R495X 
FUS was incubated with 2 or 20 ug of nuclear RNAs extracted with the TRIzol 
reagent. After incubation at 4°C overnight, the samples were subjected to native 
gel electrophoresis and western blot. 


R495X mutant FUS formed large inclusions in most cells 
(Fig. 6B, lower right panel). However, after deleting RGG2/ZnF/ 
RGG3 domains, the truncated protein was evenly distributed in 
the cytoplasm with no inclusions (Fig. 6B, upper left panel). The 
AZnF/RGG3 truncation containing both RRM and RGG2 domains 
formed cytoplasmic inclusions, but the proportion of inclusion- 
containing cells is significantly lower than R495X (Fig. 6B, upper 
right panel; Fig. 6C). The ARGG3 truncation containing RRM, 
RGG2 and ZnF domains formed inclusions in more cells than 
AZnF/RGG3 (Fig. 6B, lower left panel; Fig. 6C). The quantitative re- 
sults of the percentage of cells containing cytoplasmic inclusions 
are shown in Figure 6C. 

We also examined the RNA-binding abilities of the relevant 
domains using a gel-shift titration assay. Under the conditions 
tested, the RRM domain alone did not bind to the RNA probe, 
which is consistent with our previous publication that the bind- 
ing affinity between the RRM domain and RNA was weak (Kg in 
hundreds micromolar range) (29). With addition of RGG2, ZnF 
and RGG3 domains, the binding affinity between the truncated 
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Figure 6. RNA binding was also required for the formation of FUS cytoplasmic inclusions. (A) Diagram of GST tagged R495X FUS and a series of truncations lacking RNA- 
binding motifs. QGSY, the QGSY-rich region; G, the glycine-rich region; RRM, the RNA recognition motif; RGG, arginine-glycine-glycine repeat regions; and ZnF, the zinc 
finger motif. (B) Inclusion formation of the GST tagged R495X FUS and the RNA-binding motif truncation mutants in HEK cells. GST-FUS mutants were immunostained 
with a GST antibody and the images were acquired with a Nikon A1 confocal microscope. The insets are magnified areas indicated by yellow squares. Green, GST-FUS; 


Blue, DAPI staining of DNA. (C) The percentages of inclusion-containing cells with different FUS truncation mutants. More than a hundred cells in three random view fields 


were counted for each different truncation mutant. Data shown represent mean + SD and P-values were calculated using Student's t-test. (D) In vitro RNA binding of FUS 


truncation mutants with different RNA-binding motifs. Indicated concentrations of purified FUS truncation proteins were incubated with 5’-Cy3-labeled RNA probe and 


the samples were subjected to polyacrylamide gel electrophoresis (see details in Materials and Methods). The images were acquired with a ProteinSimple gel imaging 
system. The gel shift of the RNA probe illustrates the binding of FUS protein to the RNA probe. 


FUS and the RNA probe significantly increased as evidenced by 
the shift of the FUS protein band by the RNA probe (Fig. 6D). 
The correlation between the stronger RNA binding affinity and 
the increased formation of cytoplasmic FUS inclusions suggests 
that RNA binding is also required for cytoplasmic FUS inclusion 
formation. 


Discussion 


The architecture of the FUS protein is different in nuclear 
granules and cytoplasmic inclusions 


Since the cytoplasmic inclusions of mutant FUS are a hallmark of 
familial ALS caused by the FUS mutations, it is critical to 


understand the structural basis of such inclusions. No cross-B- 
sheet structure, which is typical in amyloidal aggregates, was 
identified in FUS inclusions (13,14). The purified FUS protein 
formed fibrils in vitro, and the N-terminal prion-like domain 
(amino acids 1-266) was required for the fibril formation (19). An- 
other study also demonstrated that the FUS N-terminal domain 
itself (amino acids 2-214) formed hydrogel at high concentrations 
in vitro (30). We also found that the N-terminal QGSY-rich region 
(amino acids 1-164) was required to form functional oligomers in 
the nucleus, which can be demonstrated by a granular pattern 
under confocal microscope and a slower motility in native gel 
electrophoresis (15). In this study, we started testing whether 
FUS cytoplasmic inclusions are mediated by the N-terminal 
domain of FUS. 
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We first deleted the QGSY-rich region from R495X mutant 
FUS and examined its distribution under confocal microscope. 
To our surprise, deletion of the QGSY-rich region did not 
change cytoplasmic inclusions of R495X (Fig. 1C), suggesting 
that the N-terminal domain is not required for FUS cytoplas- 
mic inclusion formation. This finding is in contrast to the 
observation that FUS nuclear granules disappeared after the 
deletion of the QGSY-rich region (Fig. 1B). Similar observations 
were found in cells expressing R521G point mutant FUS that 
was present in both the nucleus and cytoplasm (Fig. 1D). More- 
over, native gel electrophoresis (Fig. 3B) and crosslinking 
(Fig. 3C) results provided additional evidence that the FUS pro- 
tein in cytoplasmic inclusions mostly existed as the mono- 
meric form. This is in contrast to mutant SOD1 inclusions 
where oligomeric SOD1 was readily found (31,32). Our results 
suggest that the cytoplasmic FUS inclusions are not disor- 
dered region-mediated fibrillar aggregates (Fig. 7). It is con- 
ceivable that FUS inclusions can be amorphous aggregates 
that can either become amyloidal aggregates through a 
common intermediate (33) or be disaggregated by heat shock 
proteins (34). 


Subcellular compartment determines FUS local 
distribution pattern and behavior 


We asked the question whether subcellular compartment or ALS 
mutation is more important to determine FUS protein architec- 
ture and local distribution pattern. By forcing mutant FUS into 
the nucleus (Fig. 1F) and wild-type FUS out of the nucleus 
(Fig. 1G), we found that swapping subcellular compartments 
completely changed the local distribution patterns of FUS pro- 
tein, regardless of wild-type or mutant. The results suggest that 
the subcellular localization plays a critical role in determining 
the architecture and distribution of FUS in different cell 
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compartments. The ALS-causing mutations clearly change the 
subcellular localization of FUS, but mutations appear to have 
less influence on the local distribution pattern of FUS protein in- 
side the specific compartment. An additional implication is that 
the ALS mutations within the C-terminal NLS have no significant 
impact on the overall conformation of FUS. However, the 
approaches used in this study are not quantitative; thus, it is 
possible that the nucleus-redistributed mutant FUS may not 
restore its chromatin binding ability to the full extent as the 
wild-type FUS. 

Moreover, we demonstrated that mutant FUS protein loca- 
lized in the nucleus behaves similarly to the wild-type FUS 
protein. Specifically, the nucleus-localized mutant FUS protein 
formed granules (Fig. 1D-F), oligomerized (Fig. 3) and responded 
to transcription inhibition (Fig. 2) in a similar fashion to the wild- 
type FUS. The results support the critical significance to restore 
the nuclear localization of mutant FUS that accumulates in 
cytoplasm aberrantly. Several studies have aimed to redirect mu- 
tant FUS into the nucleus as a potential therapeutic intervention 
(20-24), and this intervention showed beneficial effects in model 
organisms (21,22,24). Additional work is needed to test whether 
this approach can be an effective therapy in mammalian models. 


Local RNAs are critical for FUS protein architecture 


We demonstrated that chromatin-associated RNAs initiated FUS 
oligomerization (Figs 4 and 5), which is essential to the granular 
pattern of FUS in the nucleus. We have previously shown that 
FUS nuclear granules are strongly correlated with the CB FUS 
that was particularly required for its function in regulating gene 
transcription (15). This notion is supported by another study that 
FUS nuclear granules are colocalized with RNA polymerase II (35). 
In addition, FUS nuclear granules were also reported to colocalize 
with paraspeckles that play an important role in transcription 
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Figure 7. The proposed model of FUS distribution and architecture in different cellular compartments. The left side shows that chromatin-associated RNAs initiate FUS 


oligomerization through the QGSY-rich region in the nucleus. Nuclear soluble and cytoplasmic FUS normally exists as monomers under physiological conditions. The 


right side shows that ALS mutations cause cytoplasmic retention of FUS. However, mutant FUS in the nucleus was still able to oligomerize similarly to wild-type FUS. 


The cytoplasm-retained FUS forms relatively disordered inclusions that require binding cytoplasmic RNAs. 
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and splicing regulation (28). Itis evident that RNAs are involved in 
FUS-mediated transcription regulation and mRNA splicing, but 
the identities of the RNAs involved in FUS oligomerization and 
function are unknown. A previous study using a chimeric protein 
of the N-terminal prion-like domain of FUS and a DNA-binding 
domain of a transcription factor FLI showed that microsatellite 
DNA fragments with repetitive sequence significantly enhanced 
the oligomerization of the prion-like domain of FUS (36). It is con- 
ceivable that the proximal binding of multiple FUS chimeric pro- 
teins increased the local concentration of N-terminal FUS and 
triggered its oligomerization. This observation suggests that nas- 
cently transcribed non-coding RNAs, which are still attached on 
chromatin, from microsatellite sites may trigger the oligomeriza- 
tion of full-length FUS in the nucleus. Indeed, chromatin-asso- 
ciated non-coding RNA was reported to recruit FUS to 
chromatin to regulate gene transcription (37). A separate gen- 
ome-wide study identified a substantial portion of FUS-binding 
RNAs as long non-coding RNAs (38). However, the specific nu- 
clear RNAs initiating oligomerization of FUS in the nucleus re- 
main to be experimentally determined. 

Interestingly, we also found that the formation of FUS inclu- 
sions in the cytoplasm also required RNA-binding capability 
(Fig. 6). FUS has been reported to play a role in the formation of 
stress granules (4,5,7,8), a dynamic cytoplasmic structure con- 
taining proteins and messenger RNAs when translation halts in 
response to a variety of stresses. Different from the dynamic 
stress granules that are normally temporary under stresses, the 
cytoplasmic inclusions of FUS were observed persistently in 
this study. Thus, the RNAs sequestered in the persistent in- 
clusions could result in a loss of function of the RNAs and the 
corresponding proteins. Knowing their identities can help us de- 
termine what cellular processes might be impaired by mutant 
FUS. The cytoplasmic inclusions are highly dynamic and difficult 
to isolate biochemically, excluding us to test the RNA dependence 
of such inclusion directly using the method as shown in Figure 5C. 
A biochemical approach needs to be developed to isolate FUS- 
containing cytoplasmic inclusions to determine the oligomeric 
status of FUS and the identities of RNAs in these inclusions. 

Furthermore, we speculate that the RNAs required for nuclear 
FUS oligomerization and cytoplasmic FUS inclusions are likely two 
separate cohorts, although a partial overlap of these two pools is 
conceivable. In summary, the subcellular localization and the 
local pool of RNAs play a critical role in determining the specific 
architecture of FUS protein (Fig. 7). Such protein architecture 
may be crucial in distinguishing RNA-binding protein pathogenic 
mechanism from non-RNA-binding protein misfolding/aggrega- 
tion mechanism in ALS. Moreover, the findings from this study 
support the feasibility of restoring the nuclear localization of 
mutant FUS as a potential therapeutic strategy of ALS. 


Materials and Methods 


Plasmids and reagents 


The pEBG-FUS (GST-FUS) and pEGFP-C3-FUS plasmids were con- 
structed in a previously published study (5). Truncated FUS 
coding sequences were amplified by PCR from pEBG-FUS or 
pEGFP-C3-FUS R521G plasmid template and subcloned into 
pEBG (restriction sites: Bam HI and Kpn I) or pEGFP-C3 (restriction 
sites: Bgl II and Kpn I) vectors. pEGFP-C3-FUS-NES and pEGFP-C3- 
FUS R495X-NLS were constructed in another previously pub- 
lished study (39). FUS antibody (sc-47711) and GFP antibody 
(sc-8334) were purchased from Santa Cruz Biotechnology. 
Nop56 antibody was provided by Dr Stefan Stamm at University 
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of Kentucky. RNase-free DNase (catalog no. M6101) was pur- 
chased from Promega. Proteinase K (catalog no. P8102) was pur- 
chased from New England BioLabs. RNase A (catalog no. 19101) 
and QIAquick PCR Purification Kit (catalog no. 28104) were pur- 
chased from QIAGEN. 


Cell culture and transfection 


HEK cells were grown in Dulbecco’s Modified Eagle’s Medium 
(Sigma-Aldrich, catalog no. D5796) plus 10% fetal bovine serum 
(Sigma-Aldrich, catalog no. F2442) and 1% penicillin-streptomy- 
cin (Sigma-Aldrich, catalog no. P4333). Cell transfection was per- 
formed using 0.5 ug plasmid for cells cultured in 6-well plates 
following the standard protocol as previously described unless 
otherwise noted (5). Cells were collected 48 h after transfection. 

Punch skin biopsies were obtained after informed consent 
from symptomatic familial ALS patients carrying the R521G 
FUS mutation and healthy control subjects as previously pub- 
lished (16). The study was approved by the Institutional Review 
Board of the University of Kentucky, and details of the patients 
were described in (16). Fibroblast cells were generated from 
the skin biopsies and cultured in Minimum Essential Medium 
Eagle (Sigma-Aldrich, catalog no. M5650) plus 20% FBS, 2 mM 
L-glutamine (Sigma-Aldrich, catalog no. G7513) and 1% 
penicillin-streptomycin. 


Immunostaining and confocal microscopy 


Cells were seeded on gelatin-covered 18 mm glass coverslips in 
12-well plates and transfected with 0.25 ug plasmids. Forty- 
eight hours after transfection, cells were fixed with 4% parafor- 
maldhyde at 37°C for 15min and permeabilized with 0.25% 
Triton-X100 at room temperature for 5 min. Permeabilized cells 
and nuclei were blocked with 10% bovine serum albumin (BSA) 
at 37°C for 1 h, and immunostaining was performed with primary 
antibodies at 4°C overnight and secondary antibodies at 37°C for 
1h. Both primary and secondary antibodies were diluted in 3% 
BSA in 1x PBS. During secondary antibody incubation, 2 ug/ml 
DAPI was added to stain nuclear DNA. Cells were subsequently 
mounted with Vectashield mounting medium (Vector Laborator- 
ies, catalog no. H-1000) and observed under a Nikon A1 confocal 
microscope. 


CB protein isolation 


The CB protein isolation was performed as previously described 
(15). Briefly, cells were lysed in a detergent-free lysis buffer 
(50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1 mM EDTA) and homoge- 
nized by passing through a 23G needle several times. After centri- 
fugation at 1000g at 4°C, chromatin and cell debris were in the 
pellet and NCB proteins were in the supernatant. The pellet 
was resuspended in the detergent-free lysis buffer, and CB pro- 
teins were released by breaking chromatin DNA with sonication. 
After centrifugation again at 1000g at 4°C, CB proteins were re- 
tained in the supernatant. Both CB proteins and NCB proteins 
were subjected to 8% native polyacrylamide gel electrophoresis 
and western blot as described below. 


Initiation of FUS oligomerization by chromatin content 


Different amount of chromatin content, which was released by 
sonicating the re-suspended chromatins in the detergent-free 
lysis buffer, was incubated with the NCB sample for 20 min on 
ice. The mixture was then subjected to native gel electrophoresis 
and western blot. 
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During the incubation of the chromatin content and the NCB 
sample, 50 U/ml RNase-free DNase or 1 ng/ml RNase A was added 
in the mixture. After incubation, the effect of DNase or RNase on 
the oligomerization of NCB FUS was assessed by native gel elec- 
trophoresis. The nucleic acid contents in each sample were puri- 
fied with QIAquick PCR Purification Kit after proteinase K 
digestion and subjected to agarose gel electrophoresis. 


Native gel electrophoresis 


The native gel electrophoresis was performed as previously de- 
scribed (15). Briefly, the samples prepared as above were loaded 
on a 8% (wt/vol) polyacrylamide gel soaked in detergent-free run- 
ning buffer (25 mm Tris, 192 mm glycine). After electrophoresis, 
the gel was incubated with transfer buffer [25 mm Tris, 192 mm 
glycine, 10% (vol/vol) methanol] supplemented with 0.25% SDS 
at 70°C for 10 min. After the denaturation step, the gel was 
ready for transferring and routine western blotting. 


Formaldehyde crosslinking 


The CB and NCB proteins were prepared as above and separately 
incubated with formaldehyde at a final concentration of 1% 
at room temperature with rocking for 10 min. Crosslinking 
was quenched by adding glycine to a final concentration of 
137.5 mm. The crosslinked samples were subjected to 10% SDS/ 
PAGE followed by western blot. 


Nuclear RNA extraction and the effect of nuclear 
RNA on FUS oligomerization 


Cells were harvested, washed and incubated in nucleus isolation 
buffer (10 mm HEPES, pH 7.9; 10 mm KCI; 1.5 mM MgCl; 0.34 M Su- 
crose; 10% Glycerol; 0.1% Triton X-100) on ice for 8 min. Nuclei 
were isolated by 1300g centrifugation and resuspended in 
0.25 ml nucleus isolation buffer. Total nuclear RNA was extracted 
by 0.75 ml TRIzol LS Reagent (Life Technologies, catalog no. 
10296-010) following manufacturer’s instructions. The RNA con- 
centration was determined by NanoDrop 1000 spectrophotom- 
eter (Thermo Fisher Scientific). Two or 20 ug nuclear RNA was 
incubated with 50 ul NCB extract at 4°C overnight. These samples 
were subsequently subjected to native gel electrophoresis and 
western blot. 


In vitro RNA-binding assay 


Various FUS truncation proteins were expressed in Escherichia coli 
and purified as we previously published (29). Briefly, the coding 
sequences of different FUS truncations were subcloned into 
pET22b plasmid (Novagen). FUS peptides were expressed in 
E. coli Rosetta cells (EMD Millipore) and purified with Ni” affinity 
chromatography and cation exchange column (GE Healthcare, 
catalog no. 17-5157-01). The RNA probe (5‘-UUAGGGUUAGG- 
GUUAGGGUUAGGG-3’) was labeled with 5’-Cy3 (Invitrogen). 
Different concentrations of FUS peptides were incubated with 
5 pmol RNA probes in 10 ul reaction buffer (20 mm Tris-HCl, pH 
7.5; and 50 mM NaCl) on ice for 30 min. The mixtures were loaded 
on a 6% polyacrylamide gel and run in ice-cold TBE buffer at 100 V 
for 45min. The gel was analyzed by a gel imaging system 
(ProteinSimple). 
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